Cells of various tissues, such as leaves, roots, flowers, and fruits, from Cucumis sativus L. plants infected with cucumber green mottle mosaic virus (CGMMV) have been studied by electron microscopy. Virus particles were consistently observed in the ground cytoplasm of various tissue cells infected with CGMMV. The small vesicles observed in the mitochondria were probably a characteristic modification related to the virus replication. They were always bounded by a single membrane and located in the perimitochondrial spaces between outer and inner membrane, and in the cristae. These vesicles could be formed in the mitochondria as soon as or before virus production begins, and they seemed to be increased with the development of virus infection.
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. INTRODUCTION In our previous observations (Hatta et al. t97 I) on thin sections of CGMMV-infected cells, it was evident that when leaf cells of Cucumis sativus L., Cucurbita pepo L., and Lagenaria leucanth Rosby (var. Gourda Makino) became infected with CGMMV, they appeared to have striking modifications in the mitochondria. However, the relation of vesicle formation in the mitochondria to virus infection was not detailed. The present paper gives the results of further observations on the alterations of mitochondria which occurred following CGMMV infection, using electron microscopy. The relationship between virus infection and the vesiculate nature of mitochondria is discussed.
METHODS
CGMMV derived from cucumber strain was cultivated in cucumber plants (Cucumis sativus L.) in the glasshouse. Inoculation of virus was made mechanically on two lower leaves of Cucumis sativus L. at the four-leaf stage, using freshly extracted infective leaf saps (approximately 5 ml of o.oi M-phosphate buffer, pH 7.0, per g fresh weight). Control leaves, which were in similar age and position to plants used for virus inoculation, were rubbed with o.ot M-phosphate buffer, pH 7"o. These plants were maintained in the glasshouse at about 25 ± 2 °C. For cytological observations on thin sections of various tissue cells, such as leaves, roots, flowers, and fruits, small pieces were taken from systemically infected plants. Yellow green areas of mosaic leaves and roots were sampled 4 weeks after inoculation. The petals, calyxes, pollen grains, styles, stigmas, and ovules were dissected from the flowers on cucumber plants about 2 months after inoculation. Yellow green and dark green areas on the cucumber fruits showing a mosaic pattern were cut 2 to 3 mm in depth from the epidermis 3 months after inoculation.
To study the ultrastructural changes in cell organelles with the development of virus infection, small pieces of leaves inoculated and systemically infected with CGMMV were sampled 3, 5, 7, IO, and 30 days after inoculation. Controls were obtained from corresponding areas of leaves or the other tissues on healthy plants of comparable age grown under the same conditions as infected plants. These samples were fixed and embedded in Epon by the same procedures as reported in previous work (Hatta et al. 1971) . Sections were cut with a glass knife on an ultramicrotome (JUM-B) and were stained with uranyl acetate and lead citrate. Cytological observations were made in a JEM-IooU electron microscope at 80 kV.
RESULTS

Localization of CGMMV and morphological modifications in the mitochondria
The results for the localization of virus and vesiculate mitochondria in various tissue cells are summarized in Table I . Virus particles and crystals were seen only in the ground cytoplasm of various tissue cells infected with CGMMV. Occasionally small clusters of CGMMV were observed in the cytoplasmic invagination areas of vesiculated mitochondria. No virus particles were present in cells of dark green areas of mosaic fruits, petals or pollen grains in the flowers. Virus was more frequently seen in thin sections of yellow-green leaf tissues and root tips which contained abundant cytoplasmic ribosomes, than in those of fruits and flowers (Fig. I ). Vesiculate mitochondria were always observed in cells of tissues containing virus, except for some tissues in the flowers (Table I ). In particular the vesiculate mitochondria had a tendency to be clumped together in the root tip cells infected with CGMMV (Fig. 2) . The vesicles located in the perimitochondrial spaces between outer and inner membranes were often arranged in a characteristic rosette pattern surrounding a cytoplasmic intrusion ( Chloroplasts in cells of yellow-green areas from both mosaic leaves and fruits seemed to have fewer and smaller grana compared with those in the dark green areas and healthy leaves. Nuclei in cells of various tissues sampled from infected plants were morphologically normal.
Morphological features of mitochondrial vesicles
A characteristic feature of CGMMV-infected cells was the vesiculation in the perimitochondrial spaces between the outer and inner membranes, including some in the peripheral areas of cristae. In the interior spaces of these mitochondrial vesicles, the following unidentified materials were observed in thin sections of C G M M V infected cells: (I) a few vesicles, 7 ~ of those investigated (14oo vesicles including 93 mitochondria from 46 different cells), appeared to be filled with electron-dense material (Fig. 4a) ; (2) 67 ~ of the vesicles appeared to contain fine strands of electron-dense material and frequently the fine strands were connected with a single vesicular membrane (Fig. 4b) ; and (3) 26 ~ appeared to contain moderately electron-dense granules without fine strands (Fig. 4c) . These vesicles had diam. in the range 50o to 7oo A. There was no evidence that mitochondrial vesicles increased in diam. with time after infection. The small vesicles of mitochondria could be observed first within 4 to 5 days after inoculation, under conditions for the present work, they were commonly about 600 to 70o A in diam. No vesicles contained any recognisable cytoplasmic components.
Mitochondrial abnormalities during the development of virus infection
To study the occurrence of abnormal mitochondria with the development of virus infection, samples were taken from two inoculated lower leaves and from the fourth youngest systemically infected leaves 3, 5, 7, IO, and 3o days after inoculation. Ten different cells from each of five blocks were carefully investigated. Numbers of mitochondria with and without small vesicles and cells containing virus particles in sections were counted on the screen of the electron microscope. The results for inoculated and systemically infected leaves at various times after inoculation are shown in Table z .
The number of mitochondria was not significantly affected during the development of virus infection, except for inoculated cells sampled io days after inoculation. We had no means of explaining the latter observation. The data presented in Table 2 indicate that the I4 T. HATTA AND R. USHIYAMA 0'35 0"58 "~ Number of vesiculate mitochondria was counted on the screen of electron microscope through ten different cells from each of five blocks on inoculated and systemically infected leaves. Figs. 6, 7, 8, and 9. Vesicle formation in the mitochondria in cells of Cucumis satir,us L. leaves early after C G M M V infection. One more or less spherical vesicle can be seen in the perimitochondrial cristae which appear to be a continuity of inner membrane and the cristae (Fig. 6) . A few virus particles seem to be adpressed to the outer membrane of mitochondria (Fig. 8). development of virus infection might be correlated with the vesiculation in the mitochondria. Therefore, the numbers of virus particles in the crystalline arrays of CGMMV and of vesiculated mitochondria were counted through ten different cells from each of eight blocks in the inoculated and systemically infected leaves 5 and 7 days after inoculation, respectively. The data in Fig. 5 show that the relationship between the number of virus particles and vesiculate mitochondria is approximately linear but the line does not pass through the origin.
Changes in the mitochondria early after inoculation
The changes in the mitochondria of cells of inoculated leaves sampled 5 days after inoculation were studied in more detail. The mitochondria with a more or less spherical vesicle could be similar in appearance to those in the healthy cells (Fig. 6 ), but they were curved and enlarged when large numbers of vesicles were present (Figs. 7 to 9)-In some instances, a few virus particles seemed to be adpressed to the outer membrane of vesiculate mitochondria (Fig. 8 ).
DISCUSSION
Our electron microscopic observations on thin sections of cells from different tissues infected with GCMMV show that the small vesicles formed in the mitochondria are related to virus infection. Such vesiculate mitochondria increased in number in CGMMV infected leaf cells with time after inoculation (Table 2) , even though the total number of mitochondria might remain unchanged. These results and the data of Fig. 5 suggest that mitochondrial abnormalities might be associated with virus production.
There are several lines of evidence which suggest, but do not prove, that virus-induced vesicles in cell organelles, such as chloroplasts (Chalcroft & (Esau & Hoefert, I97i) , are probably associated with virus replication. If vesicle formation is directly induced by some process necessary for the synthesis of virus precursors, the vesicles would be present when or before virus production begins. We suggest that the perimitochondrial vesicles are possibly associated with some process concerned with CGMMV replication rather than with secondary degeneration after virus production. The data of Fig. 5 indicate that vesicles appear before complete virus. However, a more likely explanation is that, during the early stages of infection, vesicles are more readily seen in sections than virus particles. Further, there is recent evidence (Y. Sugimura, T. Kagi & R. Ushiyama, unpublished results) to support the above suggestion since similar mitochondrial vesicles were often observed in the tobacco leaf protoplasts within 24 h after inoculation with CGMMV, but virus was rarely found.
The network of fibres in the mitochondria and chloroplasts may be composed of nucleic acids (Ris & Plaut, I962; Nass & Nass, I963; Bisalputra & Bisalputra, I967; Mikulska, Odintsova & Turischeva, 197o) . Ushiyama & Matthews (I 97o) suggest that the fine stranded material in the peripheral vesicles of chloroplasts induced by infection with turnip yellow mosaic virus might be carriers of the replicative form of virus RNA. Lafl6che & Bov6 (1968) showed that some incorporation of the isotope in actinomycin D-treated tissue infected with turnip yellow mosaic virus was associated with the peripheral vesicles in the chloroplasts. Thus, the fine strands of chloroplast vesicles could be related to virus RNA or components necessary for virus replication. However, we have no evidence to indicate that the fine strands of electron-dense material observed in the mitochondrial vesicles are nucleic acid or other virus material.
